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the r e su l t s  are summar ized ,  together with a discuss ion  of the i r  significance to 
processes  f o r  cont ro l  of environmental  pollution. 

THEORY 
1 

CHEMISTRY AND KINETICS OF THE HYDRO-DESULFURIZATION OF COAL 
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INTRODUCTION 

Mos t  of the published data on thq hydro-desulfurization of coal are unsuit- 
I 

able fo r  detailed kinetic in te rpre ta t ion  because  equilibrium conditions were  pa r -  
tially o r  wholly achieved. Fo r ty  y e a r s  ago Snow ( I )  showed almost ten-fold 
less desulfurization with "fast" heating v e r s u s  "s lod 'hea t ing .  
s ape r  desc r ibes  the theore t ica l  extension and exoer imenta l  application of the  
non- i so thermal  method of Juntgen ( 2)  to the hydro-desulfurization of ten bitum- 
inous coals ranging f r o m  1 to 5% sul fur .  

The  p resen t  

This  powerful method overcomes  the  above difficulty by t rea t ing  t empera -  
tu re  a s  a controlled var iab le .  Essent ia l ly  continuous measu remen t s  of reaction 
products in a flow s y s t e m  provide experimental  functions whose theore t ica l  inter-  
pretations identify sets of chemica l  reac t ions  which are  respons ib le  for  desulfuri-  
zation. 
fac tor i ly  by five chemical reaction s y s t e m s .  

The kinetics of desulfurization of all ten coa ls  are accounted fo r  s a t i s -  
. This method gives activation ene r -  

4 gies and frequency f ac to r s  for each  chemica l  reaction. 

where  R is the usua l  gas  constant T is the absolu te  t empera tu re .  



The graphical expres s ion  of this function o f  Equation ( 1) is shown in 
F i g u r e  I .  Three  important  experimental  p a r a m e t e r s  a r e  obtained f r o m  this 
function, the integral  of evolved gas V o  which is shown as the c ros s -ha tch  a r e a  
under the graph ,  the  t e m p e r a t u r e  of the max imum To,  and the t empera tu re  r a t e  
of evolution of the product chemical a t  the t empera tu re  max imum,  (dV / d T )  T,. 
In o r d e r  t o  solve this cquation for  the actil-ation energy ,  E .  and the frequency 
fac tor ,  ko ,  it is convenient to  introduce two dimensionless  p a r a m e t e r s ,  

when these  dimensionless  p a r a m e t e r s  a r e  substi tuted in the t ranscendenta l  
Equation ( 1) , we obtain the  following relationship 

a = b exp  ( 1-2/a)  

u,hich by taking logari thms m a y  b e  writ ten as 

In a t 2 /a  = 1 t l n b  ( 4) 

We m a y  immediately compute b and ,  t he re fo re ,  1 t lnb f r o m  the expe r i -  
mental  m e a s u r e m e n t  of t he  curve in  F igu re  1.  
solved graphically by plotting this equation. 
o f  a corresponding to  the experimental ly  determined va lue  of 1 t lnb. 

Equation ( 4 )  m a y  then be  
We c a n  r e a d  d i rec t ly  the va lue  

Knowing a the activation energy and frequency f ac to r s  a r e  given by: 

E-RT, a and k, = ( M a /To)  ea 

Th i s  derivation is given in g r e a t e r  d e  ta i l  together with extensions to  r eve r s ib l e  
and for  back reactions in r e fe rence  ( 3 ) .  

EXPERIMENTAL 

Ten samples  of bituminous coal ranging f r o m  1 to  5 percent  su l fur  w e r e  
provided by the Illinois Geological Survey and the U.S. Bureau  of Mines .  
T h e s e  include coals f r o m  I l l inois ,  Ohio, Maryland,  Pennsylvania and Kentucky. 
A . S .  T.M.  ana lyses  w e r e  done on these  coa ls  f o r  f o r m s  of sulfur,mineral  
ana lyses ,  proximate a n a l y s e s ,  and su l fur  in ash and fixed carbon.  

Heating was done with flow hydrogen in a fu rnace  controlled by a l i nea r  
t e m p e r a t u r e  p r o g r a m m e r .  
s p e c t r o m e t e r  designed and bui l t  for  th i s  pu rpose .  
shown schematical ly  in F i g u r e  2.  

HYDROGEN SULFIDE EVOLUTION FROM COAL 

Continuous ana lyses  w e r e  done with a spec ia l  mass 
T h e  exoerimental  set u p  is  

In a hydrogen a t m o s p h e r e  the  su l fur  in the coa l  r e a c t s  with hydrogen to pro-  
duce hydrogen sulfide. 
iment  on coa l  heated in  hydrogen is given in F i g u r e  3. These  results w e r e  ob- 
tained using a hydrogen flow r a t e  of 1 l i t r e  per minute  o v e r  a 250 m g  sample  of 
Illinois coa l  N o .  4, as identified in o u r  r epor t ,  r e f e rence  ( 3 )  . 

A typical H,S evolution cu rve  for  a non-isothermal  expe r -  

The heating rate 



was 4°C per  minute .  
c e s s .  
su l fa te  and seve ra l  different types of organic  su l fur ,  this r e s u l t  i s  expected. 
Each  individual reaction of the f o r m , ' c o a l  t H, 3 H,S, should yield a n  H2S 
evolution curve  s imi l a r  t o  that shown in F i g u r e  1. The  p a r a m e t e r s  cha rac t e r -  
izing that curve  To,  Vo ,  and ( d V / d T )  T, should r 'eflect the kinetics fo r  the indi- 
vidual process .  The overa l l  H,S evolution curve  will be composed of the s u m  of 
the s e t  of overlapping curves  charac te r iz ing  each  of the individual reac t ions .  In 
the absence  of any knowledge on the individual p r o c e s s e s  a n  exper imenta l  r e su l t  
such as given in F igu re  3 can be resolved into individual p rocesses  in  infinitely 
many ways.  
p r io r i ,  a unique resolution of the exper imenta l  r e su l t s  can be achieved. 

Clear ly  the H,S evolution does  not occur  by a single pro-  
Since su l fur  ex is t s  in coal in many  different f o r m s ,  e . g .  pyr i te ,  su l f ide ,  

I 
However,  if the kinetics of the individual p rocesses  a r e  known a 

Since i ron  pyrite i s  known to be a m a j o r  sou rce  of sulfur in coal,  we con- 
ducted non- i so thermal  exper iments  on samples  of i ron  pyrite obtained f r o m  the  
U . S .  Bureau  of Mines .  
was suppressed  by using a v e r y  high hydrogen flow rate and a v e r y  s m a l l  sample  
of i ron  pyr i te .  The heating r a t e  employed was 4 ° C  p e r  minute .  The exper imen-  
tal data on the non- i so thermal  evolution of H,S f r o m  pyr i te  a r e  shown in F igu re  4. 
These  r e su l t s  c lear ly  indicate two reac t ions  producing hydrogen sulfide; f i r s t l y  
the reduction to Fe S and secondly to F e .  

In these exper iments  the back reaction of H,S with i ron  

These  exper imenta l  r e su l t s  on pyr i te  m a y  be analyzed in a s t ra ight  forward  
manner  to yield the kinetic pa rame te r s  fo r  the  two reac t ions .  
used is as follows: 
which give a reasonable f i t  to the exper imenta l  points.  
m e t e r s  charac te r iz ing  the curves  are read  off of these  curves .  These  pa ra -  
m e t e r s  are  the t empera tu re  corresponding to each  of the peaks ,  To( OK) ,  the 
a r e a  of the peak, V o ,  and the amplitude of the peak at To. F r o m  these  values 
a d imens ionless  p a r a m e t e r  b as given by Equation ( 2 )  is computed and used to 
graphically obtain a.  
t i a l  fac tor  ko a r e  then computed using Equation The r e su l t s  are then 
double checked by recomputing the H,S evolution peak corresponding to these  
pa rame te r  values using Equation ( 1 )  . 
with the exper imenta l  data and the accu racy  of the f i t  i s  checked. By these 
procedures we find fo r  the pyrite reac t ion  E = 47 ki loca lor ies  pe r  mole  and 
ko = 2 . 8  x lo', (atm H,) 
p e r  mole  ko = 2.1 x l O I 3  ( a t m  H,) -' min- ' .  
f o r  these  two reactions are compared  with the exper imenta l  da ta  in F i g u r e  5.  
The calculated H,S evolution fo r  the s u m  of the two processes  i s  shown in the 
dash  line in the f igure .  The f i t  between calculation and exper imenta l  could 
obviously be  improved by slightly adjusting the amplitudes of the  two peaks.  
However,  the amplitudes re f lec t  the s to ich iometr ies  of the reac t ion  while the 
locations and shapes of the peaks re f lec t  the k ine t ics .  These  r e su l t s  suggest 
that the pyr i te  s ample  was not pure FeS, but r a t h e r  init ially contained a s m a l l  
amount of sulfide.  

The procedpre  
F i r s t  we sketch in two peaks of the type shown in F igure  1 

The va lues  of t h e  p a r a -  

The values of the activation energ ies  E and pre-exponen- 
(5 ) .  

The  calculated peaks a r e  then replotted 
. 

min- '  and f o r  the sulfide reduction E 55 k i loca lor ies  
The calculated H,S evolution curves  

DESULFURIZATION KINE TICS FOR ORGANIC SULFUR 

The pyrite sulfur c l ea r ly  accounts f o r  m o s t  of the inorganic su l fur  found in 
coal,  but t he re  is a l so  genera l ly  substantial  amounts of organic  su l fur  and i t  is 
well known that this su l fur  m a y  ex is t  in many  different kinds of bonding a r r a n g e -  
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ments  \n-ithin the coa l .  In a n  a t tempt  to investigate behavior of the organic su l -  
f u r  on a somewhat s i m p l e r ,  but ,  re la ted  s y s t e m ,  we prepared  ar t i f ic ia l ly  s o m e  
organic  sulfur-containing ma te r i a l .  A sample  of essent ia l ly  mine ra l  f r ee  
charcoa l  was reac ted  with hydrogen sulfide in a s t r e a m  of helium to produce a 
sulfurated carbon which contained approximately 2.5% sul fur .  
measu remen t s  on the desulfur izat ion of this  ma te r i a l  in both hydrogen and helium 
were  ca r r i ed  out. The  r e su l t s  of one such exper iment  are given in F igure  6. 
In this  exper iment  the sample  s i ze  and flow r a t e  of hydrogen used w e r e  the same  
a s  that employed on the m a j o r  s e r i e s  of non- i so thermal  experiments  on coals .  
It i s  c l ea r  f rom the r e su l t s  of s tudies  to  date  on the sulfurated carbon that a 
s ingle  s imple  reac t ion  does  not account fo r  the behavior of this ma te r i a l .  
ding the completion of the kinetic investigation on the complex sequence of re- 
act ions involved in the desulfur izat ion of these  relat ively stable organic  su l fu r  
spec ies  the emper ica l  r e su l t  corresponding to the smooth curve shown in F igure  
8 has  been used in the ana lys i s  on the r e su l t s  on coal. We have designated this 
fo rm of organic  su l fur  as Organic  III. 

Non-isothermal  

Pen-  

To proceed fu r the r  in our analysis  of the exper imenta l  resu l t  given in 
F igu re  3 i t  is n e c e s s a r y  to  consider  the r e su l t s  on all ten coals studied. 
resu l t s  of non-isothermal  kinetic exper iments  for  ten coals  studied under sim- 
i la r  exper imenta l  conditions are summar ized  in F igu res  7 and 8. 
in common and ce r t a in  d i f fe rences  should be  noted in these  r e su l t s .  All of the 
H,S evolution curves  show a peak i n  the range between 380°C and 430°C. 
the coals  high in pyr i te  show secondary  peaks ve ry  close to  those found exper i -  
menta l ly  f o r  the sample  of pyri te  as i l lus t ra ted  in F igu re  5. However,  in gen- 
e r a l  for  these coals  t hese  peaks appear  to occur  a t  slightly lower  tempera tures  
typically f rom 10 - 20°C.  If we assume that r e su l t s  on the pyr i te  are valid fo r  
coal  we would expect  tha t  the presence  of the carbon should have l i t t le  effect on 
the activation ene rg ie s  f o r  these  reac t ions .  
tion of hydrogen f r o m  within the coal  and the possibi l i ty  of the absorpt ion of 
hydrogen on  the carbon su r face ,  we might  expect  that the pre-exponential factor  
which i s  expressed  in t e r m s  of the concentrat ion of hydrogen in the bulk g a s  
s t r e a m  might  be  inc reased  in the case of the coal  by these  effects increasing 
su r face  concentration of hydrogen f o r  a given bulk gas  concentration of hydrogen. 
A downward shif t  in the t empera tu re  corresponding to the peak in  the H,S 
evolution f r o m  pyr i te  of 20°C cor responds  to a n  inc rease  in the pre-exponential 
f ac to r  of about 4070. 
the f o r m s  of su l fur  in  cha r ,  as a function of carbonizing t empera tu re ,  support 
the hypothesis tha t  the secondary  peaks in these  non-isothermal  resu l t s  do 
cor respond to the reac t ion  of the pyr i t ic  and sulfide su l fu r s .  
work suggests  tha t  the low t empera tu re  peaks in the non-isothermal  resu l t s  
cor respond to the reac t ion  of re la t ively unstable  organic  su l fur  compounds in 
coal .  A single  reac t ion  cannot account  for  the var ia t ion  in the location and 
shape of the low t empera tu re  peak for all of these  ten coa ls .  However ,  we 
have found that two p r o c e s s e s ,  one with To corresponding to  380°C and a s e c -  
ond with To corresponding to 430°C sa t i s fac tor i ly  account  for  the low tempera-  
t u r e  peak  in a l l  ten coa l s .  
which w e  have designed as Organic  I and Organic  I1 are as follows: 
I ,  E : 34.5  kca l /mole ,  KO = 3 .1  x 10" (atm H2\-I min-'; ORGANIC 11 : 
E = 4 1 . 5  kca l /mole ,  K O =  2 . 8  x 10" (atm H,\ - ' rn in- '  . It i s ,  of cour se ,  
possible  that m o r e  than two p rocesses  contr ibute  to  this low t empera ture  
peak, however ,  only the two a r e  requi red  to  account  for  the experimental  

The 

Cer ta in  points 

All of 

But ,  because  of both the produc- 

Data  obtained by us and b y  Powell i n  his  e a r l i e r  work on 

Simi la r ly  this 

The kinetic p a r a m e t e r s  fo r  these  two processes  
ORGANIC 



- 5 -  

r e su l t s .  

We will now discuss  the resolution of the exDerimenta1 r e su l t  given in 
F igure  3 into individual p rocesses .  The f ive  p rocesses  we have identified in 
the preceeding discussion a r e  th ree  f o r m s  of organic  su l fur ,  py r i t e ,  and su l -  
f ide.  This  r e su l t  in the individual p rocesses  were  per formed graphically by 
drawing in the peaks corresponding to  the individual p rocesses  and adjusting 
the amplitude of the peak without changing the peak location until a bes t  f i t  to 
the experimental  data is obtained. 
of all of the H,S evolution peaks with the exper imenta l  da ta .  
analysis is shown in F igu re  9 .  
of the individual p rocesses  with the ampli tudes shown in the f igure  and the ag ree -  
ment  with the experimental  points is quite sa t i s fac tory  with one exception. 
the region about 530°C t he re  appea r s  to be a significant amount  of sulfur evolu- 
tion which is not accounted for  by these five p r o c e s s e s .  
cu r s  in mos t  of the coals studied but is par t icu lar ly  prominent  in coal No. 7 ,  
the Maryland coal.  This d i screpancy  m a y  indicate tha t  a n  additional desulf-  
urization p rocess  occur s  which we have not taken into account,  however ,  our  
recent exper iments ,  in a n  a t tempt  to fu r the r  understand the Organic  I11 s e t  of 
reac t ions ,  have indicated that the r e su l t s  obtained on the a r t i f i c i a l  sample  of 
sulfurated carbon m a y  not be d i rec t ly  applicable to  coal.  It now appea r s  that 
a proper  representa t ion  of the Organic III su l fur  removal  m a y  r emove  this d i s -  
crepancy.  

The fi t  is  de te rmined  by compar ing  the s u m  
The r e su l t  of this 

In the f igure  the dotted l ine r ep resen t s  the s u m  

In 

This  d i screpancy  oc- 

One additional point that should be  mentioned concerning th i s  analysis of 
Illinois No. 4 coal is that the total  amount of sulfur evolved f r o m  the pyrite and 
sulfide p rocesses  appea r s  r a t h e r  lower than would be  expected f r o m  the amount  
of iron pyrite in the coal f r o m  the ASTM ana lys i s .  However ,  th i s  coal contains 
an  unusually high ca lc ium content. Our sepa ra t e  exper iments  on the reaction of 
H2S with calcium oxide and calcium carbonate  have shown that the  reaction of H,S 
with these  ma te r i a l s  in the t empera tu re  range  above 500" is ex t r eme ly  fas t  s o  
that near ly  one half of the su l fur ,  which might  o therwise  be evolved in the pyrite 
and sulfur peaks,  is converted to calcium sulfide and retained in the c h a r .  
S imi l a r  procedures  to those descr ibed  above have been  employed in analyzing 
all ten of the coals studied. 

KINETICS O F  DESULFURIZATION 

We m a y  summar ize  the chemical  reac t ions  and the r a t e  da t a  of coal de-  
sulfurization in hydrogen a tmospheres  by l ist ing our  m e a s u r e d  kinetics pa ra -  
m e t e r s  f o r  the five m a j o r  reac t ions  and two back r eac t ions ,  as shown in Table I. 

Non-isothermal  studies were  a l s o  m a d e  of the r emova l  of H,S by calcined 
dolomites and l imes tones  and the regenera t ion  kinetics of the result ing calcium 
sulfide.  The kinetic pa rame te r s  fo r  these  r a t e  da ta  a r e  shown in Table 11. 

The significance of these  r e su l t s  to considerations of su l fur  control can be  

, 

s e e n  by express ing  them a s  r a t e  constants v e r s u s  t empera tu re  over  the range 
of engineering in t e re s t .  
f r o m  400°C to 1000°C in F igu re  10. 
which encompasses  the desulfurization reac t ions  which account  for  the hydro- 
desulfurization of the ten  bituminous coals studied. 

The r a t e  constants f o r  these reac t ions  a r e  shown 
There  e m e r g e s  a desulfurization band 
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TABLE I 

CHEMICAL REACTIONS AND RATE DATA O F  COAL DESULFURIZATION 
IN HYDROGEN ATMOSPHERES 

_- 

N o .  Reac t ion  /mole  k0 
Ekcal 
- - 

1 ( O r g - S ) I  tH,+H,S 34.5 

2 (Org-S)11 t H, -HzS 41. 5 

3 FeS2tH, -3 H,S t FeS  47 

4 FeS t H, d Fe + H,S 55 

5 (C-S)  t H, +H,S 52 

6 F e t H , S  ->HZ t F e S  18 

7 Coke t H,S __j ( C-S) t H, 32 

TABLE I1 

3.1 x 10" ( a t m  H,) 

2 . 8 ~  10" I t  I 1  

2 . 8  x 10" I 1  I t  

min- '  

2.1 x 1013 11 

-2 10" 8 1  I 1  

11 

6 .5  x 10' ( a b  H,S) -' min- '  

2 . 3  x l o *  It 
I 1  

8 CaO t H,S d C a S  t H,O 38 

55 

10 CaCO, +CaO t CO, . 58 

11 CaO t CO, j C a C 0 3  17 

9 Cas  t H,O .-7 CaO t H,S 
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Figure5 . Kinetic analysis  of the non-isothermal meaaurernent on pyrite. 

7 ~ ~ ~ w n i w ~ ~  p c )  
Figure 6 .  H+ evolution in non-isothermal experiment at one ahnoephera of 
hydrogen on sulfurated carbon prepared from charcoal .  
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